Unequally populated edge channels in the quantum Hall effect regime are visualized through terahertz emissions originating from the inter-Landau-level optical transition. Terahertz emission in Hall bars is imaged in transition regions below and above the filling factor of = 2. The image is remarkably different as Ͻ 2 or Ͼ 2, signaling the absence or the presence of edge channels. The emission pattern traces the pathways of bulk current in Ͻ 2, whereas it is limited to the sample edges in 2 Ͻ . Based on detailed studies including emission spectra, the mechanism for generating nonequilibrium electrons is discussed.
I. INTRODUCTION
It is widely accepted that the edge channels are indispensable for understanding the electrical transport in dissipationless two dimensional electron gas ͑2DEG͒ systems in the integer quantum Hall effect ͑QHE͒ regime. In the edgechannel picture, [1] [2] [3] the resistance quantization is attributed to electron transport in one-dimensional current-carrying edge states along the sample boundaries, assuming negligible backscattering between opposing edges of 2DEG. A variety of phenomena have been well analyzed in terms of the edgechannel formulation of electrical transport. 4, 5 The formulation has been extended to treat transition regions between different QHE plateaus, where bulk states coexist with edge-channels, 6 and successfully applied to account for the adiabatic transport resulting from unequally populated edge channels. 7, 8 The feature of QHE edge channels is recently utilized for a solid-state interferometer realizing electronic Hanbury Brown-Twiss effect 9, 10 or an electronic Mach-Zehnder interferometer. 11 Several potential applications are also suggested, such as the implementation of quantum devices controlling nuclear spins, 12 ,13 a hyperfine battery, 14 the development of a tunable terahertz ͑THz͒ laser, 15 or the design of sensitive THz detectors. 16, 17 For considering such applications, detailed understanding of the electron dynamics in unequally populated edge channels is a prerequisite. However, the understanding is still not satisfactory, because the vast majority of studies has been limited to conventional resistance measurements 4, [6] [7] [8] or photoconductivity experiments. 18 Cyclotron emission ͑CE͒ caused by the inter-Landau-level ͑LL͒ optical transition provides us with a powerful tool for studying the dynamics of nonequilibrium electrons. The typical photon energy lies in the THz frequency range ͑ϳ10 meV͒. The mechanism of electron injection into or rejection from dissipationless 2DEG layers was discussed by van Son et al., 19 studied earlier through different experimental tools 20, 21 and has been clarified in more details by CE experiments. 22, 23 The threshold behaivor of the nonequilibrium electron generation at the source and the drain hot spots was found in the CE by using a photon-counting THz microscope. 24 Here, we use a scanning THz microscope with a subpicowatt sensitivity to image inter-LL nonequilibrium population of electrons in 2DEG Hall bars in the transition regions below and above =2 ͑; the filling factor of LLs͒. Spectroscopic studies are also possible with the microscope. 25, 26 An earlier work using a scanning force microscope showed that the Hall potential sharply drops at the edges for 2 Ͻ , 27 suggesting the influence of edge channels. We find here that the CE image is markedly different as is below or above 2, due to the absence or the presence of edge channels. In the transition region of Ͻ 2, where edge channels are absent in the conductor, the CE develops in the interior region of the Hall bar, indicating that nonequilibrium population is generated along the trace of the bulk current. In the other transition region of 2 Ͻ , where edge channels coexist with bulk states, the CE develops along the sample edges. This is a direct visualization of the edge channels, which are populated in nonequilibrium fashions. Based on detailed studies including the emission spectra for Ͻ 2, different generation mechanisms of nonequilibrium population are suggested for the higher-and the lower-potential edges in the Hall bar. In our preceding work, 15 we have discussed a part of the data taken at a relatively low current ͑50 A͒. In this paper, we present and discuss thoroughly the data obtained in a wider range of currents ͑up to 300 A͒, which give a broader insight to the edge/bulk issue. Fig. 1 , the THz emission from a sample is imaged by using a highly sensitive scanning-type THz microscope with a spatial resolution of 50 m and a spectral resolution of 1.2 cm −1 . 25, 26 The sample is mounted on a mechanical XY stage and the emission from the focal region ͑50 m͒ of the sample is collected by a solid immersion lens ͑SIL͒, made of pure silicon crystal, and refocused on a magnetically tunable detector. 16 All the measurements are performed at 4.2 K.
III. RESULTS AND DISCUSSION
The longitudinal resistance, R 24 THz-emission images ͑I = 50, 100, and 250 A͒ for Ͻ 2 ͓Fig. 2͑a͒; sample I at = 1.75, B = 6.14 T͔ and for 2 Ͻ ͓Fig. 2͑b͒; sample II at = 2.43, B = 6.14 T͔. The magnetic fields are in the direction pointing out of the page, so that the lower sample edge ͑Y=0 m͒ is of the lower potential for electrons. The detector is, respectively, tuned to match the cyclotron resonance frequency. The top panels of Figs. 3͑a͒ and 3͑b͒ explicitly show the intensity profiles of CE on the cross section of the Hall bar ͑X = 1500 m͒ at I = 50, 100, and 250 A. The bottom panels of Figs. 3͑a͒ and 3͑b͒ display V 24 against the current, showing that the amplitudes of longitudinal resistance are comparable between the two conditions for Ͻ 2 ͓Fig. 1͑a͔͒ and 2 Ͻ ͓Fig. 1͑b͔͒.
In Ͻ 2 ͓Fig. 2͑a͔͒, CE is absent for small currents ͑I ഛ 100 A͒ except those from the source and the drain hot spots, at which electrons enter and leave the 2DEG layer. 22, 23 At larger currents, CE emerges in a broader interior region of the Hall bar, forming a streamlike trace: It originates in the source hot spot and streams down the Hall bar, reaching the drain hot spot. Studies of different samples confirm that the occurrence of CE in the interior region is a general feature seen for Ͻ 2 without exception, although the accurate shape of the emitting region is sample specific and the profile of the CE intensity is nonuniform ͑position specific͒ in a given device.
Markedly different features are found in the other transition region, 2 Ͻ ͓Fig. 2͑b͔͒. Namely, the emitting region is restricted to the sample boundaries. As reported in Ref. 15 , the emission occurs only along the lower-potential boundary ͑for electrons͒ at low current levels, as seen in Fig. 2͑b͒ for I =50 A. In this work, we find that emissions emerge also along the higher-potential boundary when increasing the current beyond about 70 A, as seen in Figs. 2͑b͒ and 4.
Here, we wish to briefly interpret the experimental findings. In the transition region of Ͻ 2, edge channels do not exist since the Fermi level lies in the lowest ͑N =0͒ LL as schematically illustrated in the upper panel of Fig. 5͑a͒ . We ignore the spin-split edge channels, which are completely coupled at 4.2 K. The reconstruction of edge states into compressible/incompressible strips 28 is also ignored since it is insignificant at temperatures above 1 K. 29 The presence of compressible/incompressible strips may not substantially alter the discussion below. The current is carried by the N =0 bulk states, as illustrated in the lower panel of Fig. 5͑a͒ . As the current increases, the effective electron temperature T e will be elevated, and CE occurs when T e is so high that substantial distribution of electrons is generated in the higher N = 1 bulk states. Hence, the emitting region roughly traces the pathways of bulk current along high T e regions. Since the accurate pattern of current pathways will depend on the detailed landscape of the random electrostatic potential profile, the emitting region can be sample specific.
In the other transition region, 2 Ͻ , the N = 0 edge channel coexists with the N = 1 bulk states, as illustrated in the upper panel of Fig. 5͑b͒ . The Hall device is relatively wide and the Hall voltage is much larger than ប c / e ͑the LL energy spacing divided by e͒. In this condition it is certain that strong Hall electric fields develop in the interior region, 30 as illustrated by the slope of LLs in the bottom panel of Fig.  5͑b͒ . It is to be noted that despite strong Hall electric fields, the region of CE is restricted to the edge regions. The fully occupied N = 0 LL is dissipationless, while the partially occupied N = 1 LL is dissipative. In order to minimize the total energy dissipation, therefore, the N = 0 edge channels carry as much current as possible, while the N = 1 bulk states, as less current as possible: It follows that nonequilibrium population develops between the N = 0 edge channels and the N = 1 bulk states, as illustrated in the lower panel of Fig.  5͑b͒ . 8, 15 The mechanism of how the nonequilibrium population in the above leads to the CE at the lower-potential boundary has been already discussed. 15 Electrons are accumulated in the N =1 LL ͑ L1 ͒ and depleted in the N =0 LL ͑ L0 ͒, and CE occurs when L1 − L0 exceeds ប c . At the higher-potential boundary, however, we need another explanation because the nonequilibrium population cannot directly lead to the optical transition ͑the vertical N =1→ 0 transition͒, as may be understood in the lowest panel of Fig. 5͑b͒ .
To achieve deeper understanding, we discuss several important points in the following paragraphs. We begin with region Ͻ 2 ͓Fig. 2͑a͔͒. Since the longitudinal resistivity xx is finite, T e may be expected to increase smoothly with increasing I. However, the bulk emission is practically absent at I ഛ 100 A but abruptly emerges at higher currents, as elucidated in Fig. 4 . Kawano and Okamoto reported difference between a profile of CE and the distribution of dissipative electric field in a quantum Hall device at Ͻ 2. 31 Though they did not observe CE in the interior region, we find here that the CE in the interior region does not correlate with the dissipative electric field in a simple manner. Since the magnitude of longitudinal resistance smoothly varies with increasing I around 100 A ͓the lower panel of Fig.  3͑a͔͒ , the occurrence of CE cannot be interpreted merely in terms of T e . Furthermore, we note that the increase of V 24 changes from superlinear dependence ͑I Ͻ 100 A͒ to sublinear dependence ͑I Ͼ 100 A͒ when CE emerges. This sublinear dependence of V 24 on I is found in all the samples regardless of the choice of voltage probes used. It is therefore certain that the CE emerges at a current I above which xx decreases. To discuss this question, we should distinguish the intra-LL electron temperature T e intra , characterizing the energy distribution of electrons within the N = 0 LL, from the inter-LL electron temperature T e inter , specifying the relative population between the N = 0 and the N = 1 LLs. It is known in three-dimensional electron systems that T e intra and T e inter can differ largely. 32 Also in QHE systems, introducing the different T e 's helps us understand the dissipative process. 31 In the present work, we expect that electrons are hardly excited to the N = 1 LL, being substantially bound within the N = 0 LL. So, T e intra will be elevated smoothly with increasing I but it does not automatically lead to CE, which probes the magnitude of T e inter . The excitation of electrons to the higher LL will be possible only via an Auger-type process, in which an energetic electron collides with another electron transferring its excess energy to excite the electron to the N =1 LL ͑This is similar to the Auger-type process in the breakdown mechanism of the QHE 33 ͒. With increasing I, therefore, T e inter will start to increase only when T e intra reaches an order of ប c / k B ͑k B the Boltzman constant͒. Before T e intra reaches this threshold, the energy gained by the electron system is dissipated totally by the emission of acoustical phonons within the N = 0 LL, and CE is invisible. The fact that the CE occurs at I ӷ 100 A, along with the fact that the longitudinal resistance begins to decrease also at I ӷ 100 A, makes it highly probable that T e inter begins to increase at about 100 A in the present 2DES system. This may be an unexpected behavior at first sight but is interpreted by assuming that the "effective mobility" of the electron system increases as the population of N = 1 LL becomes substantial. Although we do not have clear explanation for this, we note that finite xx is a consequence of the inelastic scattering of electrons among localized states. We hence speculate that the averaged localization length of the excited states of relevant electrons in the N = 1 LL is larger than the one in the N = 0 LL.
We move to the region of 2 Ͻ . At the higher-potential boundary ͑ H1 Ͻ ⑀ Ͻ H0 ͒, the CE is not trivial as noted in the above. ͑Simply considered, holes in the N = 0 LL are not available for CE.͒ Energetic electrons ͑ H1 Ͻ ⑀ Ͻ H0 ͒ can be generated in the N = 1 edge states directly via the N =0→ 1 interedge-state scattering, as shown by gray horizontal arrows in the bottom panel of Fig. 5͑b͒ . Similarly, energetic holes will be generated in the N = 0 edge states, making CE possible if H0 − H1 Ͼប c . It has been experimentally established that the interedge-state scattering is strongly suppressed if H0 − H1 Ͻប c . 5, 34 This aspect, arising from a large interedge-state separation, strongly suggests that the interedge-state scattering is not probable at an energy region close to H1 . This makes us expect that the interedge-state scattering alone is not a probable mechanism, and suppose that an Auger-type process is a dominant mechanism for the CE, as schematically shown by the arrows "a" and "b" in the bottom panel of Fig. 5͑b͒ : The excess energy of an energetic electron in the N = 1 edge states is used to excite a cold electron in the N = 0 edge states. Briefly described, the electrons at the higher-potential edge region are efficiently heated up due to electron-electron scattering, elevating the local electron temperature T e HE , substantially higher than T e intra or T e inter in the interior region. These energetic electrons and holes radiatively recombine yielding the CE. The edge region where T e HE is sufficiently high is expected to be narrow. The experimentally found sharp intensity profile of CE ͓Y = 500 m; upper panel of Fig. 3͑b͔͒ is consistent with this expectation.
To make the above interpretation more certain, we study the emission spectra. The experimental method is similar to the one described in the preceding work.
23,26 Figure 6 compares the spectra taken in the higher-and the lower-potential boundaries for sample II at I = 300 A. ͑The spectrum at the lower-potential boundary is substantially the same as that of I =50 A.͒ The spectral line shape for the lower-potential boundary is well fitted to a single Lorentzian curve as indi- cated by the solid line. This, together with the absolute peak position ͑2.41 THz or 80.5 cm −1 ͒, makes it certain that the CE is free from inhomogeneous broadening and is due to the N =1→ 0 inter-LL transition as has been thoroughly discussed in Refs. 23 and 26. In the higher-potential boundary, the spectral line is slightly shifted toward higher frequencies: If a fitting to Lorentzian curve is attempted, the best fit is obtained by assuming a peak position at 2.43 THz or 80.9 cm −1 . The line shape, however, is not reproduced perfectly by the Lorentzian: The spectrum is deformed by a slightly asymmetric broadening, suggesting inhomogeneous broadening due to electrons with lighter cyclotron masses. This trend is opposite to that expected from the conductionband nonparabolicity, which predicts heavier effective masses for higher-level LL transitions. 23, 35 As noted already, the emission is expected to occur in a narrow region of edge states. We suppose that the second derivative UЉ͑y͒ of the ͑self-consistent͒ confining potential U͑y͒ is of a large positive value in such a region. Since UЉ͑y͒ Ͼ 0 gives rise to a shift of the cyclotron frequency to a higher frequency by ␦ c = UЉ͑y͒l B 2 / ͑2ប͒, where l B is the magnetic length, the observed deformation of the CE spectrum is consistently interpreted.
36 At the lower-potential boundary, the effect of UЉ͑y͒ is indiscernibly small because the CE is expected to occur at the boundary of bulk states, where U͑y͒ tends to be flattened out.
IV. CONCLUSION
In summary, we visualized unequally populated edge channels through CE. The profile of emission region is found to be substantially different between the two conditions of Ͻ 2 and 2 Ͻ , providing us with a straightforward signature of the absence and the presence of edge channels. In Ͻ 2, where edge channels are absent, the sample-specific CE pattern is observed in the interior region. We attribute the CE to the increase of the inter-LL electron temperature T e iner along the pathway of the bulk current, due to the finite bulk resistivity. On the other hand, in a condition of 2 Ͻ where edge channel exists, the CE is restricted to the lower-and the higher-potential edge regions. Auger-type interedge-channel scattering is suggested for accounting for the CE in the higher-potential boundary.
